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Abstract 
 
Reactive double bonds on the main chains of natural rubber (NR) lead to a degradation by weather, heat and ultraviolet (UV). 
Nano-titanium dioxide (n-TiO2) should be efficient for long term heat and UV protection for rubber compounds. This work 
desizes a commercial micron size-TiO2 to n-TiO2 by using an ultrasonic processor.  The unsonicated TiO2 with a median particle 
size (d50) of about 1 µm is desized to 123 nm after sonication. The obtained n-TiO2 is then used in NR compounds at varying 
loadings in the range of 0-20 parts per hundred parts of rubber (phr). An increase of n-TiO2 content enhances the tensile modulus 
and strength of the vulcanizates. The 100% modulus, tensile strength and elongation at break show no significantly changes after 
heat aging at 70°C and UV irradiation at 50°C, but the heat aging at 100°C drastically reduces the tensile properties. The UV-
irradiated NR vulcanizates show only small changes in tensile properties, but displays a significant change in the molecular 
structures at the surface, as shown in their ATR-FTIR spectra. Thermal stability of the vulcanizates, as analyzed by 
thermogravimetric analysis (TGA), shows that the decomposition temperatures are increased whereas the rates of weight change 
are decreased with increasing the TiO2 loadings. The SEM micrographs indicate that the n-TiO2 aggregates are uniformly 
dispersed in the rubber matrix. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
 
Natural rubber (NR) possesses good mechanical properties, elasticity and dynamic behavior but also has some 
drawbacks caused by its reactive double bonds that lead to degradation by weather, heat and ultraviolet (UV). The 
degradation leads to a decrease of mechanical properties and an occurrence of surface cracks as well as 
discoloration1. In general service conditions, photo- and thermal oxidations are the main causes for polymer 
degradation. The process starts via an initiation step that finally leads to an auto-oxidation cycle2. Polymer 
degradation results in the decrease of mechanical properties such as modulus, hardness and tensile strength with 
either increasing or decreasing ultimate elongation as generally observed in unsaturated rubbers, e.g. NR, synthetic 
polyisoprene rubber (IR) and isobutylene-isoprene rubber (IIR)3. To extend a service life of rubber products for 
outdoor application, antioxidant, antiozonant and UV absorber are normally added into a rubber compounds. Use of 
nano-titanium dioxide (n-TiO2) should be efficient for long term heat and UV protection for rubber compounds as it 
does not decompose and migrate during the service. The addition of n-TiO2 into the polymer matrix increases 
mechanical properties and degradation temperature of the composites4-6. However, the nanoparticles easily 
agglomerate due to their large specific surface area and also a direct incorporation of n-TiO2 into the polymers faces 
incompatibility problem between the two components. Chemical interactions between n-TiO2 and polymer can be 
enhanced by use of coupling agent leading to the improved filler dispersion and mechanical properties7,8.  
Based on our preliminary study on comparing the properties of the rubber vulcanizates filled with n-TiO2 and 
micron size-TiO2, it was found that n-TiO2 could be well dispersed in the rubber matrix and gave better mechanical 
properties compared to the use of micron sized TiO2. Therefore, this work employed n-TiO2 for further study. A 
commercial micron size-TiO2 was desized to n-TiO2 by using an ultrasonic processor at a frequency of 20 kHz. The 
n-TiO2 suspension was later mixed with NR latex to prepare NR masterbatch at varying loadings in the range of 0-
20 parts per hundred parts of rubber (phr). The dried masterbatches were mixed with other additives to obtain final 
NR compounds. The influence of n-TiO2 on the mechanical properties, aging and UV resistance and heat stability of 
the NR vulcanizates were investigated. 
 
2. Experimental  
 
Materials: High ammonia (HA) concentrated NR latex with 60% of dry rubber content (DRC) was produced 
from Pan Asia Biotechnology, Thailand. Commercial TiO2 (anatase grade) was manufactured by Metal Chem, 
Thailand. Isopropyl trioleyl titanate (ITT) was manufactured by Nanjing Chemical, China. ZnO, stearic acid, N-tert-
butyl-2-benzothiazole sulfenamide (TBBS) and sulfur were of commercial grades for rubber industry. 
Preparation of TiO2 nanoparticles: Ultrasonication was carried out by using an ultrasonic processor (UIP1000hd, 
Hielscher, Germany) with a power of 1000 W and ultrasonic frequency of 20 kHz. The sonotrode was immersed in 
10 wt% of commercial micron size TiO2 suspended in freshly deionized water, and then the suspension was 
sonicated for 30 min. The particle sizes of TiO2 suspension, as measured by laser light scattering particle size 
analyzer (Horiba LA-950, USA), are summarized in Table 1. 
 
 
       Table 1 Particle size of TiO2 suspension. 
TiO2 types Particle size (nm) 
 d10* d50* d90* 
Before ultrasonication 466 1111 3089 
After ultrasonication 73 123 627 
Remark: * d10, d50 and d90 are defined as the diameter where 10%, 50% and 90% of the population lies below, respectively. 
 
The TiO2 suspensions show a bimodal particle size distribution of primary particles and agglomerates/ aggregates, 
as shown and discussed in our previous work9.  
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Preparation of rubber masterbatch: HA-NR latex was diluted to 20% DRC and the n-TiO2 suspension was added 
under continuous stirring at room temperature for 30 min. The NR latex/n-TiO2 was coagulated by using 2.5wt% 
formic acid, washed with water, and dried in an oven to a constant weight at 50oC. 
Preparation of rubber compound: The rubber compounds were prepared according to the formulation as shown 
in Table 2 and mixing procedure was carried out as in Table 3. The n-TiO2 contents were varied in a range of 0-20 
phr. The NR/n-TiO2 masterbatch was mixed with ITT, ZnO and stearic acid by using an internal mixer (Brabender 
Plasticorder 350s, Germany) with an initial mixer temperature setting of 90oC and rotor speed of 60 rpm. The final 
compound was prepared by addition of the curatives (TBBS and sulphur) on a two-roll mill. The rubber sheets of 
approx. 2 mm. thick were press-vulcanized at 150°C to their respective optimum cure times (tc90).  
 
 Table 2 Formulation of rubber/n-TiO2 compounds.                 Table 3 Mixing procedures. 
 
 
 
 
 
 
 
 
Testing and analysis: The vulcanized sheets were cut by using die type 2, and tensile properties were tested with 
Hounsfield (model H 10KS, UK) tensile testing machine according to ISO 37. Heat aging properties was tested after 
the samples were aged at 70ºC and 100ºC in Geer’s aging oven for 72 h according to ASTM D573-04.  Additional 
aging test was performed by varying aging times for 0-12 days at 100°C. UV resistance was tested by a QUV 
accelerated weathering  tester (Q-Panel Company, USA) under a  light intensity of 0.63 Wm-2nm-1 using UV-A 340 
nm fluorescent lamps, at 50ºC for 72 h. The specimens after aging under heat and UV irradiation were analyzed for 
their structures by attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR, Perkin Elmer 
Frontier Optica FTIR). Thermal stability was characterized by thermogravimetric analysis (TGA, Perkin Elmer STA 
6000) under the heating rate of 20°C/min from 50-800ºC under nitrogen atmosphere.  The morphology of 
cryogenically cracked surface was characterized by scanning electron microscope (SEM, FEI Quanta 400, USA). 
 
3. Results and discussion 
 
Tensile strength of n-TiO2-filled NR vulcanizates is increased while elongation at break is decreased with 
increasing the n-TiO2 contents as shown in Fig.1. The tensile strength is increased significantly when 5 phr of n-
TiO2 was used.  In this work, isopropyl trioleyl titanate (ITT) was already added into the rubber formulation to 
overcome an incompatibility between n-TiO2 and rubber and to improve interfacial adhesion between the two 
phases. The SEM micrographs of the n-TiO2-filled NR, as shown in Fig.2, clearly show that the n-TiO2 aggregates 
are well-dispersed in the rubber matrix. 
 
 
Fig.1. Stress-strain curves of NR vulcanizates with different n-TiO2 loading. 
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Fig.2. SEM images of the NR vulcanizates with different n-TiO2 contents (at x10,000 magnification). 
 
The addition of n-TiO2 is expected to enhance a heat stability of the NR vulcanizates and one of the test methods 
is to consider the retention properties after heat aging. Fig. 3 shows percent retention of 100% modulus, tensile 
strength and elongation at break of the NR vulcanizates after being subjected to heat aging at 70°C and 100°C for 72 
h. The aged specimens at 70°C show no significantly changes in tensile properties.  Under heating condition, 
polysulfide groups can further react with the rubber chain to create more crosslinks10,11, and the unchanged of 
properties may indicate that the crosslinking and degradation reactions are still in a good balance. However, the heat 
aging at 100°C causes a drastic drop in the tensile properties due to heat-oxidative degradation of NR that leads to a 
breakdown of crosslink as well as chain scissions12. By increasing the loading of n-TiO2, the NR vulcanizates show 
higher % retention of the properties, i.e. better heat aging resistance at 100°C.  
 
 
Fig.3. Retention of tensile properties: (a) 100% modulus; (b) tensile strength; (c) elongation at break, of NR vulcanizates containing varying n-
TiO2 contents after aging at 70°C and 100°C for 72 h. 
 
NR degradation leads to a change of the molecular structures especially at the surface which was directly exposed 
to heat and oxygen. The aged samples at 100°C were analyzed by ATR-FTIR technique and the results are displayed 
in Fig.4. The degraded rubber shows an absorption peak at 3600-3100 cm-1 attributed to O-H or O-O-H stretching, 
and an evolution of the absorption peak 1012 cm-1 which is assigned to C-O stretching vibration. The peak height 
ratios at the wave number (cm-1) of 3330/1440 and especially at 1012/1440 are decreased when the rubber contained 
higher amount of n-TiO2, as shown in Fig.4c.  Herewith, the peak at 1440 cm
-1 is assigned to C-H bending and taken 
as an internal reference. 
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Fig.4. FTIR results of NR filled with different contents of n-TiO2 after heat aging at 100°C for 72 h: (a) in the O-H vibration range; (b) in C-O 
vibration range; (c) peak height ratios. 
 
In order to observe the effect of n-TiO2 on oxidative degradation of NR under more severe aging condition, the 
rubber specimens without and with 20 phr of n-TiO2 were aged at 100°C for 0, 3, 5, 7, 9 and 12 days. The structural 
changes were observed by ATR-FTIR and the results are comparatively displayed in Fig.5. Increasing aging times 
clearly increase the absorption peak intensities that related to O-H and C-O stretching vibrations in the range of 
3600-3100 and at 1012 cm-1, respectively. At longer aging time, the peak intensity at 1708 cm-1 due to C=O 
stretching is developed in accordance with the previous report12. The rubber without n-TiO2 shows higher peak 
intensities of the functional groups that are generated due to the degradation, i.e. C=O, C-O and O-H, after longer 
aging time. Thermal oxidation in the hydrocarbon polymer is initiated by radicals that are formed within the 
polymer by sources of energy such as heat. The radicals react with oxygen to form peroxy radical which then 
abstracts hydrogen atom from other polymer molecule to form hydroperoxide and second radical. An unstable 
hydroperoxide decomposes into radicals which in turn abstract hydrogen from polymer to initiate new oxidative 
chains, resulting in an increase of oxidation rate as shown in Scheme 1. Oxidation and chain scission leads to the 
changes of chemical structures as observed in the FTIR spectrum. 
 
 
 
Scheme 1. Auto-oxidation cycle of polymer.13 
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Fig.5. FTIR spectra of aged NR at 100oC for different aging times: (a) without; and (b) with 20 phr of n-TiO2.  
 
Thermal stability of the NR vulcanizates filled with different n-TiO2 loadings was investigated by 
thermogravimetric analysis (TGA) and the results are given in Fig.6a. The weight loss due to decomposition of 
organic materials is observed in a range of 200-450°C, thereafter the weight remains constant at the level in 
correspondence with the residual amount of metal oxides, i.e. ZnO and TiO2. Herein, the temperature recorded at 5% 
weight loss (T5) is regarded as onset degradation temperature and used as an indication for thermal resistance of the 
material, following the work of Hanu et al.14. The results show that the increasing amount of n-TiO2 improves NR 
thermal stability slightly as observed by the increase of onset temperature and the decrease of weight change 
(Fig.6b). The thermal degradation of polymer gives smaller molecules which can decompose easier15. The presence 
of n-TiO2 enhances thermal stability of NR/n-TiO2 slightly due to the high decomposition temperature of this 
inorganic material and also the n-TiO2 acts as barrier for the heat transfer to material resulting in a slower rate of 
volatile product generation during decomposition.  
 
Fig.6. TGA thermogram (a); and onset temperature and derivative weight (b) of NR containing different n-TiO2 contents.  
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O-H stretch in the region of 3600-3100 cm-1, and the carbonyl functions at 1710 cm-1 and 1082 cm-1 assigned to the 
stretching vibrations of C=O and C-O, respectively. The decrease of peak intensities at wave numbers of 2914, 2840 
cm-1 of C-H stretching, and 1440, 1370 cm-1 of C-H bending vibration was also observed during photo-oxidation17-19. 
With increasing the n-TiO2 contents, the peak intensities of O-H and C=O change differently, as shown in Fig.8. The 
peak height ratio at the wave number 3330/1370 increases whereas at the ratio of 1710/1370 decreases with 
increasing n-TiO2 contents (Fig.8c). So that, more hydroxyl groups are generated under UV irradiation.  
 
Fig.7. Retention of tensile properties of NR with various n-TiO2 loading after UV irradiation at 50°C for 72 h (a); and FTIR spectra of NR 
without n-TiO2 before and after UV irradiation (b). 
 
 
 
Fig.8. FTIR results of UV-irradiated NR/n-TiO2 for 72 h: (a) OH group region; (b) C=O group region; (c) absorbance ratio. 
 
Under UV light, a charge separation of n-TiO2 produces electron-hole pairs (e
−- h+). Then, positive hole diffuses 
to the n-TiO2 surface and are trapped at lattice oxygen sites. Most of the trapped holes react with adsorbed water to 
produce hydroxyl radicals, and a small portion of the trapped hole may react with TiO2 itself and break the bond 
between lattice titanium and oxygen ions by the coordination of water molecules at the titanium site. A release of 
proton from the coordinated water leads to a formation of new OH group and an increase of the OH functional group 
at the surface20. It has been reported that the n-TiO2 surface which is covered with OH group is not stable and can 
revert to initial condition when store in the dark 21. 
Photo-oxidation mechanism by UV light was described by Adam et al.17 as shown in Scheme 2. UV irradiation 
of NR produces alkyl radicals that will react with oxygen in atmosphere to form peroxy radicals. After hydrogen 
abstraction from NR molecules, hydroperoxide is generated. UV light has sufficient energy to break the O-O bond 
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or transform to various carbonyl groups, as reflected by the changes of surface functional groups in the FTIR 
spectra. 
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Scheme 2. Chain scission mechanism of NR under UV irradiation.17 
 
Conclusions 
 
The heat aging of NR vulcanizates filled with n-TiO2 causes degradation that affects the properties of the bulk 
material as reflected by a large drop in the tensile properties, but photo-degradation reactions occur mainly on the 
surface and the material can more or less retain its tensile properties. The increase of n-TiO2 content leads to a 
higher % retention of tensile properties after heat aging, a smaller alteration of the molecular structures after aging 
and UV irradiation, and a slight increase of thermal degradation temperature. 
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